It is widely believed that cleavage-furrow formation during cell division is driven by the 1 2 contraction of a ring containing F-actin and type-II myosin. However, even in cells that have 1 3 such rings, they are not always essential for furrow formation. Moreover, many taxonomically 1 4 diverse eukaryotic cells divide by furrowing but have no type-II myosin, making it unlikely that 1 5 an actomyosin ring drives furrowing. To explore this issue further, we have used one such 1 6 organism, the green alga Chlamydomonas reinhardtii. We found that although F-actin is 1 7 concentrated in the furrow region, none of the three myosins (of types VIII and XI) is localized 1 8 there. Moreover, when F-actin was eliminated through a combination of a mutation and a drug, 1 9 3 1 their close relatives], cytokinesis occurs by the symmetric or asymmetric ingression of a 3 2
3 3
To ask if any of these non-type-II myosins might be involved in cytokinesis, we expressed 1 3 4 each protein in wild-type cells with mNG-3FLAG or Venus-3FLAG fused at its C-terminus; in 1 3 5 each case, the fusion protein was detected at or near the expected molecular weight by Western tagged Lifeact probe ( Fig. 2A; Fig. S1C, 1) . MYO2 localized to the perinuclear region as well as 1 3 9
to dots at the cell-anterior region near the basal bodies ( Fig. 3B, 2; Fig. S1C, 7) , again resembling 1 4 0 aspects of F-actin localization. MYO3 localized to the cell-anterior region, as well as to the 1 4 1 cortex in the cell-posterior ( Fig. 3B, 3; Fig. S1C, 10 ). Importantly, in dividing cells, none of the 1 4 2 myosins showed any detectable enrichment around the cleavage furrow ( Fig. 3B , 4-6). synchronization method using a 12:12 light-dark cycle (66, 67) . Under the conditions used, the 1 7 7 cells grew in size throughout the light phase, began to divide at ~13 h (i.e., 1 h into the dark 1 7 8 phase), and hatched out as small daughter cells at ≤ 20 h (Fig. 4A , top row). We then treated 1 7 9 aliquots of the culture with LatB at different times before and during the onset of cytokinesis and 1 8 0 examined the cells several hours later (Fig. 4A, bottom row) . When LatB was added at ≤ 9 h, the 1 8 1 cells ceased growth and never detectably initiated cytokinesis. Flow-cytometry analysis in 1 8 2 separate but similar experiments indicated that most of these cells had arrested before DNA 1 8 3 replication as expected (60). When LatB was added at 10 h, most cells remained round and did 1 8 4 not begin furrow formation, but a few formed what appeared to be normal cleavage furrows ( Fig.   1 8 5 4A, arrowhead) or "notch"-like structures (Fig. 4A, arrow) . A similar experiment using cells 1 8 6 expressing PMH1-Venus and ble-GFP indicated that the cells with notches had not undergone 1 8 7 mitosis (Fig. S2A, left) . In contrast, when LatB was added at ≥ 11 h, many cells appeared to have 1 8 8 gone through two or more rounds of cleavage-furrow ingression, forming clusters of 4-8 cells, 1 8 9 each of which contained a nucleus ( Fig. 4A; Fig. S2A , right). In a separate but similar 1 9 0 experiment, we noted a rough positive correlation between size of the undivided cells and their 1 9 1 likelihood of forming a furrow in the presence of LatB ( Fig. S2B ), suggesting either a direct size 1 9 2 requirement for cytokinesis or a requirement for some size-correlated cell-cycle event for actin-1 3 are shown; contrast is inverted for greater clarity. The LatB-treated cell had been incubated with the drug for 2 1 0 ~4.5 h before the first frame shown. Note that dispersion of Lifeact-mNG into the entire cytoplasm 2 1 1 contributed to the strong apparent background in these cells. Bar, 5 µm. (C) Rapid degradation of IDA5 upon 2 1 2 LatB addition to a synchronized culture. nap1-1 cells were synchronized as in (A) and the culture was split. 3 2 1 3 µM LatB was added to one culture at 11 h, and samples were drawn at the indicated times and subjected to 2 1 4
Western blotting using an anti-actin antibody. 30 µg total protein were loaded in each lane. CBB, the 2 1 5 membrane stained with Coomassie Brilliant Blue, shown as a loading control. Reduced efficiency of furrow ingression in cells lacking F-actin. To investigate the efficiency 2 1 8 of cleavage-furrow formation in the absence of F-actin, we performed time-lapse microscopy on 2 1 9 nap1-1 cells expressing PMH1-mNG. In the absence of LatB, furrow formation in these cells 2 2 0 proceeded to completion in 17±4 min (n=12) (Fig. 5 , A and C1; Fig. S2C , 2), not significantly 2 2 1 different from the rate in wild-type cells (16±3 min; n=13) ( Fig. 1; Fig. 5C1 ; Fig. S2C , 1). In 2 2 2 contrast, in the presence of LatB, although the rates of furrow ingression varied considerably in 2 2 3 individual cells, they were slower in all cells examined than in control cells even during the early 2 2 4 stages of furrow ingression, and more so during its later stages ( Fig. 5B , C1, C2; Fig. S2C , 3). The time gap between the formation of a small cell-anterior notch and the detectable ingression 2 2 6 of the medial furrow was expanded from ~2 min in control cells to 5-15 min. Moreover, 2 2 7 although the medial furrow typically ingressed smoothly into about the middle of the cell, the 2 2 8 second notch at the cell-posterior end did not appear normally at that time, and, in most cells, the 2 2 9 medial furrow stalled at that point for an extended period before eventually appearing to 4A) were treated with the cell-wall digesting enzyme autolysin, ~5% of the cells remained 2 3 7 connected with an intercellular bridge between the pairs (Fig. S2D ). Taken together, these 2 3 8 results suggest that although actin is not required for furrow ingression per se, it plays some 2 3 9 ancillary role(s) that facilitates the early stages of furrowing and become(s) more important 2 4 0 during the later stages of furrow ingression and/or abscission. were performed using one-way ANOVA and Tukey's post-hoc multiple comparisons (ns, not significant; ****, 2 5 5 P<0.0001). Chlamydomonas, and their depolymerization by drugs or mutation largely blocks cytokinesis (30, 2 6 0 53, 54). To ask if this association is maintained in the absence of F-actin, we first tried, but 2 6 1 failed, to visualize the furrow-associated MTs by time-lapse imaging using a fluorescently 2 6 2 tagged tubulin. However, we had better results upon expressing an mNG-tagged version of the 2 6 3 plus-end-binding protein EB1 (68). In both wild-type cells (68) and nap1-1 cells not treated with cytoplasm, consistent with the PMH1-mNG data. However, a fraction of the EB1-mNG 2 7 5 appeared to leave the division plane prematurely and form foci at the far sides of the daughter treated with 3 µM LatB beginning ~20 min before the first frame shown. Arrowheads, aberrant foci of EB1-2 9 0 mNG at positions distal to the cleavage furrow in cells lacking F-actin; arrows, the directions of furrowing 2 9 1 during the second division of each cell. Bars, 5 µm. Chlamydomonas cells, the large, cup-shaped chloroplast is centered on the posterior pole of the 2 9 6 cell ( Fig. 7A, 0' ), so that the organelle lies squarely in the path of the ingressing cleavage furrow. In control cells, division of the chloroplast (as visualized by chlorophyll autofluorescence) 2 9 8 appeared to have occurred by the time that the furrow (or at least its associated EB1) reached the 2 9 9 organelle ( Fig. 7A, 3 ', arrowhead), confirming previous observations that the chloroplast has a 3 0 0 division machinery that is independent of, although temporally and spatially coordinated with, autofluorescence are shown in a cell not treated with LatB (A) and a cell treated with 3 µM LatB beginning 3 1 0 ~20 min before the first frame shown (B). Cells had been synchronized prior to imaging using the ingressing cleavage furrow (67), despite its lack of a type-II myosin, and we confirmed this imaging also allowed us to determine the rate of furrow ingression. At its maximum (~0.85 3 1 8 µm/min; see Fig. 5C ), this rate is comparable to those in small-to medium-sized cells that have clarified the spatial relationships of the furrow, F-actin, and the three Chlamydomonas myosins. Although immunostaining had indicated that there was actin in the furrow region (47, 54, 65, 80) ,
it was not clear whether this actin was in filamentous form (47). However, imaging of cells 3 2 7 expressing the F-actin-specific probe Lifeact showed clearly that F-actin is enriched in the previous report had suggested (based on immunostaining with an antibody to Dictyostelium type-3 3 0 II myosin) that myosin is also localized to the furrow region (54), fluorescence tagging of the 3 3 1 three Chlamydomonas myosins (two type XI and one type VIII) showed no enrichment in this 3 3 2 region. Although this conclusion should be qualified by the lack of definitive evidence that the 3 3 3 tagged myosins were fully functional, the loss of their localization after LatB treatment suggests 3 3 4 that they co-localize normally with F-actin (see Results). Moreover, the likelihood of a myosin 3 3 5 role in Chlamydomonas furrow formation is also reduced by our finding that F-actin itself is not 3 3 6 essential for this process. was ~2-fold slower than normal. It seems possible either that actin forms a contractile structure, 3 5 1 not dependent on myosin, that contributes some force for furrow ingression or that actin is 3 5 2 necessary for the trafficking of Golgi-derived vesicles that ultimately provide the new cell surface material for the growing furrow. Second, the last ~30% of cleavage was slowed even 3 5 4 more (≥5 fold), and some cells appeared to fail (or at least have long delays in) the final 3 5 5 abscission of the daughters. In addition, EB1 signal (marking MT plus-ends) disappeared 3 5 6 prematurely from the furrow region when F-actin was missing, presumably reflecting a failure to second cleavages were inverted, probably because the polarities of the two daughter cells produced by the first cleavage were also inverted. The precise mechanisms by which F-actin 3 6 0 facilitates cytokinesis are not yet clear, but the observed slowness of late furrow ingression in its 3 6 1 2 2 absence appears to at least partly reflect a delay in chloroplast division (see below). Together, 3 6 2 our findings highlight the value of using Chlamydomonas to explore non-CAR-related roles of 3 6 3 the actin cytoskeleton in cytokinesis.
6 4
An apparent role for F-actin in chloroplast division. In most cells lacking F-actin, there was a Chlamydomonas chloroplast lies directly in the path of the ingressing cleavage furrow, the delay 3 6 9 in chloroplast division may explain much or all of the delay also seen in furrow completion in 3 7 0 these cells. Although we cannot currently test this model due to the lack of a method for clearing 3 7 1 the chloroplast from the division path, a similar apparent obstruction of cytokinesis by an one or a few chloroplasts, whose division must presumably be coordinated both temporally and dynamin) directly involved in chloroplast division (66, 84) . However, the spatial coordination 3 7 8 seems to require a local, structure-based signal. Our results suggest that the furrow-associated F- actin may provide this spatial cue to the chloroplast-division machinery and, in so doing, might 3 8 0 also dictate the precise timing of its action. run from the basal body along the cortex align with the division plane (like the preprophase band 3 8 5 in plant cells), while an array of many MTs, the "phycoplast", runs along the developing furrow 3 8 6 (30, 53, 54, 85, 86) . Moreover, pharmacological disruption of the MTs inhibits cytokinesis (54).
8 7
Our observations on cells expressing a fluorescence-tagged EB1 protein have now added the 3 8 8 information that dynamic MT plus-ends are associated with the furrow throughout its ingression 3 8 9
and that this association is maintained even during furrow formation in the absence of F-actin. Thus, it seems likely that the MTs have a direct, actin-independent role in promoting furrow mechanisms involved will be major goals of future studies. universal absence of myosin-II outside the unikonts, had already made clear that a conventional 3 9 8 CAR model cannot account generally for furrow formation. Moreover, we have shown here that 3 9 9 even F-actin is not essential for the formation of cleavage furrows in Chlamydomonas. This 4 0 0 observation has some precedents and parallels. Even within the unikonts, it is clear that F-actin 4 0 1 is not essential for furrow ingression in many cases (9, 15, 25, 87, 88 ; and see Introduction), and 4 0 2 this may be the rule, rather than the exception, in non-unikonts. For example, in the ciliate the cells were delayed in abscission; and in the red alga C. merolae, which also has no myosin, 4 0 8 cells divide by furrowing even though actin is not expressed under normal growth conditions 4 0 9 (90). Taken together, these and related observations suggest that in the earliest eukaryotes, the 4 1 0 LECA, and most branches of the modern eukaryotic phylogeny, actin and myosin are not primarily responsible for the force that produces cleavage-furrow ingression. We speculate that 4 1 2 as prominent roles for actin and myosin evolved in the unikonts, the underlying ancestral 4 1 3 mechanisms for driving furrow ingression may remain in force.
1 4
In thinking about these ancestral mechanisms, it is instructive to consider the mechanisms of 4 1 5 cytokinesis in modern prokaryotes. Bacteria divide using a furrowing mechanism in which the 4 1 6 tubulin-like FtsZ plays a central role (91-95), which is likely to be used also by many archaea 4 1 7
(96-100), so the immediate prokaryotic ancestor of the first eukaryotes probably also divided by 4 1 8 such a mechanism. Current information about FtsZ action suggests that it functions both to bend 4 1 9 the inner membrane and to organize the symmetric deposition of cell wall, which drives in the Toxoplasma gondii (105) may reflect the persistence of an ancient mechanism for adding cell- At the same time, it should also be noted that there is now good evidence that the prokaryotic 4 3 5
ancestor of modern eukaryotes also had an actin-like protein (110, 111) , and there is even some 4 3 6 evidence that this protein might have been associated with division sites (112) despite the lack of 4 3 7 evidence for any myosin in such organisms. Thus, the association of actin with the furrow 4 3 8 regions both in Chlamydomonas and in many other eukaryotes without a myosin II may also be a 4 3 9 preserved ancestral trait. In this regard, it is interesting that the preprophase band in plants In summary, we suggest that a full understanding of eukaryotic cytokinesis, even in the 4 4 8 intensively studied animal cells, will remain elusive unless a greater effort is made to incorporate 4 4 9 the lessons about the evolution of this process that can be learned by studying it in the full ) and iso10 (mt+, were the parental strains. The nap1-1 mutant had 4 5 4 previously been isolated and backcrossed three times in the CC-124 background (60). The ble- (Sigma or EMD Millipore) and Zeocin (InvivoGen) were used at 10 µg/ml to select for and 4 6 4 maintain strains that were transformed with constructs containing resistance markers. Genetic crosses were performed essentially as described previously (60, 116, 117 was a kind gift from Karl Lechtreck (68). Construction of pMO431 (P H/R :MYO2-CrVenus-4 7 0 3FLAG) was described previously (56); it expresses MYO2 tagged at its C-terminus with 4 7 1 CrVenus-3FLAG from the hybrid HSP70A/RBCS2 promoter (P H/R ). All other plasmids used in 4 7 2 this study were constructed using one-step isothermal assembly (118); synthetic DNA fragments CrVenus-3FLAG in pMO459 (57) coding regions (start codon to last coding codon, including all introns) were inserted into the emission wavelengths of 515 and 550 nm, as described previously (57). Images from a single experiment with a single strain were processed identically and can be The bright-field images in Fig. 4A and Fig. S2D were captured using a Leica DMI 6000 B 5 1 5 microscope equipped with a x40 objective lens and Leica DFC 450 camera. Cell-wall removal 5 1 6
by autolysin was performed essentially as described previously (122).
1 7
Western blotting. Whole-cell extracts were prepared as described previously (61). SDS-PAGE 5 1 8 was performed using Tris-glycine gels (8% for myosins, 11% for actin). After the proteins were 5 1 9 transferred onto PVDF membranes, the blots were stained with a mouse monoclonal anti-FLAG 5 2 0 (Sigma, F1804) or anti-actin (clone C4, EMD Millipore, MAB1501) antibody, followed by an 5 2 1 HRP-conjugated anti-mouse-IgG secondary antibody (ICN Pharmaceuticals, 55564). Cre13.g563800.t1.1 from Phytozome v5.5: phytozome.jgi.doe.gov), Arabidopsis thaliana (40) likelihood test using the VT model in PhyML (123). We thank Arthur Grossman, Frej Tulin, Kresti Pecani, Geng Sa, Howard Berg, Heather discussions, the provision of valuable reagents, or both. We also thank the Chlamydomonas
